The Yangtze River Delta (YRD) region is one of the most densely populated and economically developed areas in China, which provides an ideal environment with which to study the various strategies, such as compact and polycentric development advocated by researchers to reduce air pollution. Using the data of YRD cities from 2011-2017, the spatial durbin model (SDM) is presented to investigate how compactness (in terms of urban density, jobs-housing balance, and urban centralization) and poly-centricity (in terms of the number of centers and polycentric cluster) affect PM 10 emissions. After controlling some variables, the results suggest that more jobs-housing-balanced and centralized compactness tends to decrease emissions, while poly-centricity by developing too many centers is expected to result in more pollutant emissions. The effect of high-density compactness is more controversial. In addition, for cities with more private car ownerships (>10 million within cities), enhancing the polycentric cluster by achieving a more balanced population distribution between the traditional centers and sub-centers could reduce emissions, whereas this mitigated emissions effect may be limited. The difference between our study and western studies suggests that the correlation between high-density compactness and air pollution vary with the specific characteristics and with spatial planning implications, as this paper concludes.
Introduction
The rapid urbanization and urban expansion have already undermined environmental improvement efforts, particularly in many urban areas across China where air pollutant emissions are increasing [1] [2] [3] [4] . For national regulations, the Ministry of Environmental Protection (MEP) has required an air quality monitoring network that consists of 1436 monitoring stations in all prefecture-level cities since 2015, and these monitoring stations have begun to record hourly data for air pollutant emissions [5] . According to MEP [6] , less than a quarter of Chinese cities reached the Chinese air quality standard (Air Quality Index < 100) in 2016. Furthermore, severe haze pollution has begun to affect eastern central areas in China [7] . Due to its severe public health impacts, the poor air quality in China has attracted high attention from the government and academic sources [8] .
It is not difficult to identify major factors that ultimately lead to an increase in air pollution emissions by the urban transport sector. Longer travel distance and increasing dependence on private cars are all important factors that can immediately increase air pollutant emissions. Moreover, urban road networks carrying an increasingly large number of vehicles lead to an increasingly large amount of transport-related pollutant emissions to air, with the problem exacerbated by traffic congestion [9] . This transport-related pollutants' problem is particularly relevant in China because the rapid increase in motorized private transport and the future automobile sales growth is projected to be 35% [10] . A significant part of air pollutant emissions originating from prolonging commuting on the road should be a focus for the application of strategies to reduce such emissions.
To limit these emissions, many strategies originating from an academic source have been suggested for achieving a sustainable development of cities. Cities can adopt strategies such as promoting the provision of public transit [11, 12] and steering the compact urban form and polycentricism indicated in recent studies. For instance, some empirical studies have focused on either European or US cities or Chinese cities by investigating the air pollution effects of different urban forms, in which the compact form was more likely to mitigate air pollution [8, 13, 14] . In addition, polycentric development with concentrating peripheral employment and population in sub-centers has been suggested to achieve lower levels of emissions [5, 15] . Therefore, promoting compact urban form and polycentricism are the main strategies advocated by some researchers in order to reduce road traffic emissions, and, consequently, achieving sustainable development.
Many studies considered urban density as a primary factor explaining the differences in the level of air pollution [14, [16] [17] [18] [19] [20] . Research on developed countries with a fairly long history of industrial and infrastructure development have provided rich evidence about the relationship between high-density compactness and air pollution. Consequently, empirical analysis for developing countries, such as China, is scarce. Recently, some studies investigated the relationship between urban form and air pollution in Chinese cities, in which the former has often been defined by several types of landscape variables, such as size, shape, regularity, fragmentation, and traffic coupling factor of urban patches by using satellite-derived imagery [5, [21] [22] [23] . However, in the context of China, besides urban density, few have systematically been investigated at the metropolitan level despite how more nuanced but potentially important aspects of compact urban form, such as jobs-housing balance, and spatial structure, such as poly-centricity, impact air pollution. A more complete assessment on the importance of compactness and poly-centricity for air quality is necessary, as characteristics of urban form and spatial structure in Chinese cities are rather compact and polycentric. First, compared with developed countries, Chinese cities are considered to be more compact than American cities [24] . On the one hand, urban density in China is higher. For example, the average density in China is 6100 persons per square kilometer while the US and EU cities are 1200 and 3200 persons per square kilometer, respectively [10] . On the other hand, due to the existence of Danwei system [25, 26] , the jobs-housing balance is very high in Chinese cities compared to European or US cities [10, 27] . The jobs-housing balance is very high in Chinese cities compared to European or US cities [10, 27] . Second, with rapid growth of population in Chinese cities, decentralizing into the outskirts occurs and a polycentric development pattern emerges [28, 29] . In practice, the recent example which reflects the new trend of polycentricism among Chinese cities is the construction of Xiong'An new district, which is a new city near Beijing [30] .
Moreover, researchers suggested that compactness decreases air pollution, as compactness makes people drive less and, thus, less vehicle miles travelled (VMT) take place [16, 18, 19] . However, compact urban form with increasing concentrated origins and destinations pairs may also increase prolonging commuting time on the road, namely congestion [30] , which is another important contributor to transport-related air pollutant emissions [9] . Accordingly, the impact of compactness on air pollution is determined by the net effect of the two countervailing forces. Similarly, following Ewing et al. [31] and Li et al. [30] , we believe that the impact of poly-centricity on air pollution is also unclear. Polycentric development could reduce pollutant emissions for two reasons. First, poly-centricity facilitates proximity between housing and work in the clustered development of the suburbs, which reduces VMT [32] . Second, a polycentric city promotes commuting within or between sub-centers, in which decreasing concentrated travel flows in the main center [33] would reduce congestion. However, it should be notable that poly-centricity does not necessarily reduce both VMT and congestion in the context of Chinese cities. It cannot guarantee people living in a city's sub-center do not commute to the city's main center, since most high-quality resources such as amenities often remain concentrated in the main center of a polycentric city [34] . People living in the sub-centers tend to commute more and longer to consume high-quality resources of the traditional main center, which leads to an increase commuting distance and congestion [30] . Therefore, the net effects of compactness and poly-centricity on air pollution are, ultimately, an empirical question.
While a decrease in VMT and traffic congestion is likely to reduce air pollution, it should be noted that poor air quality does not necessarily result from longer VMT and prolonging commuting time on the road because two cities with a similar commute distance may still have different congestion levels or vice versa due to their differences in population size, private car ownerships, etc. Other factors such as car private ownerships and population size could also affect a city's air pollution emissions and should be controlled when comparing air pollution emissions across different cities. In this regard, estimating the relationships between compactness, poly-centricity, and air pollution, which controls for such factors, is necessary for such comparative studies.
Therefore, to fill these gaps, the Spatial Durbin Model (SDM) [35] is presented to estimate how the specific characteristics of Chinese cities have influenced the relation between compact and polycentric development and air pollution using the data of YRD cities from 2011-2017. We selected YRD cities in China as our sample because YRD is an area with one of the densest populations and the most developed economy in China. Air pollution is evaluated by the concentration of one main air pollutants: Particulate Matter (PM 10 ), because the large number of PM 10 emissions is produced by road transportation [14] . For example, according to Li et al. [36] , road transportation in the whole YRD region contributed to considerable and significant PM 10 emissions (i.e., 83.3 Gg) in 2010. Furthermore, we examine the heterogeneity that could potentially exist in the impacts, i.e., whether the influences would be heterogeneous for cities with a different number of vehicle ownerships. This paper is expected to facilitate understanding of the relationship between urban planning strategies aiming at influencing air quality in China, particularly in YRD cities.
The following begins by describing the study area, data, and method. The following sections conclude empirical results and discussion. We then suggest policy implications and research limitations, which serve as departure points for future studies.
Study Area, Data, and Methods

Study Area and Data
Study Area: YRD Area
The Yangtze River Delta (YRD) region consists of Shanghai, Jiangsu, Zhejiang, and Anhui provinces, and it is one of the most densely-populated and economically developed areas of China. Since the reform and opening up, urbanization and economic development have led to an unprecedented move of people from the countryside toward cities [37] , especially YRD cities. The total population in this area experienced a rapid growth, increasing from 140.34 million in 2015 [38] to 190 million and ranked as one of the most developed and densest regions in the world [39] . Meanwhile, economically developed Eastern China had experienced increasing haze days [40] . For example, in 2015 and 2016, the average annual concentrations of PM 10 of most of YRD cities were higher than the particulate pollutant emission limits of the United States and the European Union [41] . For the health impacts of PM 10 emissions and the mitigation of such emissions, it is important and necessary to investigate whether or not the compact urban form and poly-centricity can improve air quality in YRD, which brings sustainable development. Therefore, our study area focuses on YRD cities. The boundaries selected for study are shown in Figure 1 . 
Data
The increasing number of vehicles (increased to 23.63 million in the YRD) [42] concentrated the road traffic flow. Additionally, long-range transport is generally considered a major contributor to this long-term increasing trend of PM10 concentration [43, 44] . Such prolonging commuting on road will drastically increase road abrasion, which contributes to most of the locally emitted PM10 [44] . Despite ultrafine particles (<0.1µm) originating from increasing vehicle exhaust emissions, which also dominate the pollutant concentration, PM10 and ultrafine particles are well correlated due to the same source in traffic and possible differences in health impacts of different particle metrics that may not be readily seen long term [44] . In this paper, air pollution in terms of PM10 was used for measuring the level of air pollution. Accordingly, we stress that the impacts of urban form and spatial structure on increasing PM10 emissions are determined by both longer VMT and prolonging travel times between origins and destinations.
Besides the magnitude measurement indicated in Reference [36] , there is another concentration measurement of air pollutant emissions complied with those recommended in the China National Ambient Air Quality Standard [45] . Report on the State of the Environment in Chinese cities reports the data of air pollution concentration every year. We obtained data for the annual degree of PM10 concentration from it in 19 YRD cities from 2011 to 2017.
To measure poly-centricity and compactness, we use the data of residents, employments, and land size during the period of 2011-2017, which was obtained from the statistical yearbook of local cities (2012-2018). Recent papers on the urban spatial structure, in which more fine-grained crosssection population data was obtained in the LandScan™ High Resolution Global Population Dataset has been used to identify population centers. However, the shortcoming of this measurement is that inevitable errors might occur in estimating grid cell population [30] . Therefore, China's statistical population data at the district level was used to help us identify population centers and measure spatial structure and urban areas over space and time following Engelfriet and Koomen [10] and Li et al. [30] , which is the key step to the subsequent measure of poly-centricity and compactness.
Selection of the time period is based on the availability of consistent data for early periods. The period selected for this paper is between 2011 and 2017, which covers seven years. The analysis 
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Besides the magnitude measurement indicated in Reference [36] , there is another concentration measurement of air pollutant emissions complied with those recommended in the China National Ambient Air Quality Standard [45] . Report on the State of the Environment in Chinese cities reports the data of air pollution concentration every year. We obtained data for the annual degree of PM 10 concentration from it in 19 YRD cities from 2011 to 2017.
To measure poly-centricity and compactness, we use the data of residents, employments, and land size during the period of 2011-2017, which was obtained from the statistical yearbook of local cities (2012-2018). Recent papers on the urban spatial structure, in which more fine-grained cross-section population data was obtained in the LandScan™ High Resolution Global Population Dataset has been used to identify population centers. However, the shortcoming of this measurement is that inevitable errors might occur in estimating grid cell population [30] . Therefore, China's statistical population data at the district level was used to help us identify population centers and measure spatial structure and urban areas over space and time following Engelfriet and Koomen [10] and Li et al. [30] , which is the key step to the subsequent measure of poly-centricity and compactness. Selection of the time period is based on the availability of consistent data for early periods. The period selected for this paper is between 2011 and 2017, which covers seven years. The analysis methods are applied to these seven years. The reason to choose this period of time is that the consistent data of urban form and spatial structure are available for 19 cities only from 2011.
Measuring Poly-Centricity and Compactness
The key characteristics of the urban development pattern are centralization or decentralization and concentrated or deconcentrated economic activity [46] . The centralization of the former refers to the degree employment is concentrated in a central business district (CBD), and the concentration of the latter represents poly-centricity [15] , which suggests how employment is disproportionately clustered in some locations [47] . In this paper, we mainly combined two aspects of urban form and the spatial structure proposed by Muñiz and Garcia-López [15] and Li et al. [30] . We incorporated the jobs-housing balance into a measure of compactness in order to better understand the urban form and spatial structure in the Chinese cities. Therefore, urban forms can be high-density, jobs-housing-balanced and centralized compactness, and the spatial structure can be concentrated (polycentric) or decentralized (monocentric). Table 1 shows the definitions of compactness and poly-centricity variables examined in this paper. More balanced population distribution among centers reflects a polycentric city a The residents and jobs data were available at the district level. Hence, residents' density, jobs-housing balance, urban centralization, the number of centers, and a polycentric cluster were assessed at the district level. In addition, due to the detailed district-level, jobs data was not available from the statistical yearbook of all YRD cities. Hence, after some revisions, we selected 19 YRD cities as our sampled cities and the boundaries of cities selected for study are shown in Figure 1 .
Measuring Poly-Centricity
Many early studies build on the developed-monocentric city model [48, 49] , which uses the assumption of employment concentrates in CBD and a surrounding residence concentrated area. Since employment is assumed to be concentrated in the center-CBD, commuting distances increase linearly with the distance from it. However, urban development processes do not follow the monocentric development in one main center. As agglomeration occurred, cities began sprawl. They started to take on a more polycentric form in which employment and population are clustered in sub-centers rather than that of the original center-CBD. During the clustered development in the outskirts, sub-centers emerged, which are increasingly independent from the traditional center-CBD [50] . Therefore, since the features of urban form can be polycentric or monocentric [51, 52] , many researchers tend to incorporate poly-centricity into the model and into the assessments. For example, the notable "co-location" hypothesis defines that people have more opportunities when they live closer to their work place, and a polycentric city reduces commuting distance [32, 53] .
Compared with a monocentric urban form, a polycentric form also tends to reduce congestion, which will reduce commuting time [52] . However, it can be argued that poly-centricity does not necessarily mitigate congestion. On the one hand, the reducing VMT effect may be dominated by increasing the congestion with high urban density [10] . On the other hand, the increasing trend of people living in the sub-center but consuming in the main center may concentrate traffic flows between sub-centers and the original center (CBD) [30] , which may increase both VMT and congestion effects.
Following Engelfriet and Koomen [10] and Li et al. [30] , we focus on population distribution within the administrative boundary of urban districts (Shiqu), which usually form the core of Chinese cities development. Then, the procedure of the measurement of poly-centricity begins with the identification of activity centering in each city as follows. First, the number of activity centering (denoted by DZN) was identified. This study identifies population centers by a two-steps method, which is used in recent studies [10, 54] . The definition of activity centering is based on three criteria: (i) the density in one activity centering is higher than the average of the city-wide mean density, (ii) adjacent polygons above the specified threshold are grouped together, and (iii) the activity centering must contain (10 / population)% or more of the total city population. Second, the indicator of the polycentric cluster (denoted by DZI) is calculated.
The first indicator (DZI) of the polycentric cluster is calculated in the following method: DZI = N * HM * R, where N is the number of activity centering, R is the ratio of people who live in the identified activity centering to the total population size, and HM is the homogeneity index, which is calculated as follows. Based on the entropy index by Limtanakool et al. [55] :
where S i is the ratio of the population who live in the activity centering to the population who live in all identified activity centering. The value of HM is between 0 and 1. If the population is equally distributed among all identified activity centering in a city equal to 1 and if all people concentrate on one activity, centering equals 0.
Then two variables were obtained to measure poly-centricity, including the number of activity centers and the degree of the polycentric cluster. The indicator-DZN defines the number of activity centers. A higher DZN suggests that a city has more activity centering and, hence, the city could be more polycentric. In addition, the indicator of the polycentric cluster is DZI, which suggests a high level of polycentric clustered city. The second indicator of the polycentric cluster (denoted by SCS) was from Reference [30] , which reflects the population share of the city's sub-centers to its centers. It indicates that the population is disproportionately distributed across the main center and sub-centers in a city. By definition, a higher value of SCS indicates a more polycentric-clustered city.
Measuring Compact Urban Form
Urban Density
In European and American cities, the urban development pattern, which is considered to be a low urban density, produces automobile dependence and largely residential development along the periphery of the urban area [56] . There is a general consensus in studies that dispersion leads to longer commuting distances and more use of cars, as distances are generally longer [57] . Besides commuting distance, urban density can also affect commuting times, as many studies on US and European cities concluded that urban density is the main determinant of travel times [58, 59] . Using the data of US cities, Levinson and Kumar [60] found that a high residential density (of 7500-10,000 persons per square mile) leads to the lowest commuting times. However, this feature of Chinese cities is not comparable to developed countries since Chinese cities are significantly denser than these developed urban areas, which poses the challenge for research findings found in developed countries that also hold for China [10] .
There are many approaches to define urban density. We apply the most widely used measure of urban density (denoted by PD): resident density defined as the number of residential population in the district divided by its district area in a city and the city-level average population density was computed. Low resident density indicates urban sprawl, and high resident density suggests a compact urban form. Despite high-density compact cities making people drive less and have shorter VMT, the increasing congestion effect may negate the effect of reduction in pollutant emissions from decreasing vehicle usages.
Jobs-Housing Balance
Besides urban density, poor accessibility can be found in dispersed development, where people must travel a long distance from one area to the other. Hamidi and Ewing [56] defines poor accessibility as single-use development, where segregation of and large private lots makes everything far apart. In sprawling urban areas, the segregated land use means that people have to travel long distances from the origin to destination, while the compact ones mean mixed land use because high accessibility makes everything more accessible. In this respect, balanced jobs-housing relation is expected to result in activities and reduce commuting distances and congestion [59] . Therefore, the jobs-housing balance tends to improve air quality in terms of PM 10 .
Following Hamidi and Ewing [56] , this paper used one variable to measure the balance between jobs and population. Although using the same variable as Hamidi and Ewing [56] to operationalize mixed land use, the variables were computed differently by computing them within the boundaries of districts, because the population and employment data of a uniform one-mile buffer is unavailable in Chinese cities. The value of jobs-housing balance (denoted by JBR) is calculated by:
where i is the district number, n is the number of districts in each city, J is jobs in the district, P is residents in the district, JP is jobs per person in the region, BJ is jobs in the district, BP is residents in the district, TJ is the total jobs in the region, and TP is the total residents in the region. By definition, a higher value of the jobs-housing imbalance defines dispersion (namely, low levels of compactness), which is the opposite of compactness. The increasing jobs-housing balance (JBR) is expected to result in shorter VMT [61] and higher travel frequency [62] . Therefore, the impact of the jobs-housing balance on PM 10 concentration is determined by the net effect of these forces.
Urban Centralization
Based on Anas et al. [46] , Lee and Gordon [47] developed the definition of urban spatial structures: the centralization, with development concentrated in the main center (CBD), and the concentration, with clustered development in sub-centers. In this paper, we mainly depend on the definition of centralization suggested by Li et al. [30] to better measure how disproportionately population distribute between its centers and non-centers. The centralization is represented by CBD, which indicates the share of the population of all centers in each city to its city-wide population. The high value of CBD means compactness, which is the opposite of sprawl. A high degree of centralization is expected to result in a reduction of VMT but increase congestion [30] , which may offset the decreasing VMT effect.
The Regression Models
In order to fully undertake an assessment of urban compactness and poly-centricity's air pollutant emission effect over the seven-year time period of this paper, ordinary least squares (OLS) regress models are used. The econometric model, presented in Equation (1), for a panel of i observations over t time periods is obtained by adding a subscript i, which runs from 1 to i (i.e., 19) and a subscript t, which runs from 2011 to t (i.e., 2017), to the variables and the error terms of the model. These models fit the traditional estimation of the impact of urban compactness and poly-centricity on air pollution. The natural form of the model is given as follows.
where PM represents a city's annual levels of PM 10 concentration, β 0 is the constant term and β n (n = 1, 2, ..., 8) is the coefficients, which are expected to be estimated, ε is the error term, µ is the cross-section effect of cities i, and ρ is time effect. Constant term in the linear regression is the intercept term, which is needed to be the estimated coefficient. The error term denotes the difference between the sample value and estimated value. More information about section and time effects could be found in Reference [35] . Besides dependent and independent variables in the model, there are control variables, which are included in it. The first variable suggests the size of the urban area [10] . It is represented by PO, which is the number of populations in a city. The second variable included in this paper is the number of vehicle ownership-COS. All control variables are collected or calculated from the Statistical Yearbook of YRD cities (2012) (2013) (2014) (2015) (2016) (2017) (2018) . This version of the model is estimated by using OLS and is used to estimate the impacts of compactness and poly-centricity on PM 10 . However, due to the violation of some basic assumptions of the regression model specification and invalidating the regression results in OLS models, Torrens [63] and Baumont et al. [64] have suggested the need to correct these errors. The suggested approach to correct errors of the OLS model, and accounting for spatial auto-correlation, is to use a spatial regression model, which adds a vector of weights of the dependent variable as an additional independent variable. The Spatial Durbin Model (SDM) then is used, which simply incorporates a vector of weights of the dependent variables as an additional independent variable into the OLS analysis. The results of SDM models are compared with that of OLS models for goodness of fit and other diagnostics on the coefficients. Basic form of SDM is:
where λ represents the spatial dependent effect, W represents the spatial weight matrix, X denotes both independent variables and control variables, δ denotes spatial spillover effects, µ indicates the cross-section effect of cities i, ρ denotes time effects t, and ε is the error term. λ, β, and δ are coefficients, which need to be estimated by using SDM. The spatial weights matrix (W) is derived by the equation and the data of all independent and control variables was from a statistical yearbook of YRD cities, as shown in Table 2 . The coefficients of the independent variables, which do not represent the true partial regression coefficient, the total effect should be divided into a direct and an indirect effect.
Referring to the method suggested by Elhorst [65] , the SDM can be rewritten as the following:
The spatial differential equation matrix for the independent variable is as follows:
where the sum of the elements in the right matrix is the total effect, the mean of the diagonal element in the right matrix represents the direct effect, and the mean of the non-diagonal elements is the indirect effect (the spatial spillover effect). The spatial weight matrix (W) is exogenously given in the spatial econometric model. Therefore, a reasonable spatial weight matrix is a key step for the spatial econometric analysis. Generally, the contiguity-based weight matrix: if two locations that are geographically adjacent are 1, if they are not adjacent are 0, was often used in paper [66] . However, this adjacent effect cannot reflect a proximity effect of air pollution if these locations are close enough. Therefore, this paper used the geographic distance weight matrix to investigate the spatial effect of air pollution, since the PM 10 emissions have the characteristic of a spatial distance configuration effect rather than a geographically adjacent effect. The matrix of spatial weights w ij equals the inverse distance, including w ij = 1/d ij (i j), where d ij refers to the physical distance between two cities (i j). If i = j, d ii denotes the physical distance within cities, and its value is derived from d ii = (2/3) √ area/π, where the area is a city's size.
In Equations (3)-(5), where w ij is the element at the ith row and jth column of the spatial weights matrix (W). The data of physical distance between cities was from the calculation of Baidu Map and the land size of a city was from the statistical yearbook of local cities (2012-2018). Due to a maximum likelihood (ML) being more efficient if the residual term follows normal distribution [67] , in this analysis, the SDM is estimated by using ML estimation techniques. ArcGIS was used to generate the geographical distance weight matrix and run the Spatial Durbin Model (SDM) regressions. The effects of compactness and poly-centricity on PM 10 are estimated using both OLS and SDM versions. Descriptive statistics about the variables for the 19 cities are listed in Table 2 and the correlations between explanatory variables are shown in Table 3 . 
Results
OLS and SDM Regressions Results for PM 10
The OLS and SDM regressions results for PM 10 are shown in Table 4 . Table 4 presents the findings of the two regression models that describe the effect of compactness and poly-centricity on PM 10 . Although the results of OLS regression are nearly consistent with that of SDM regression, due to the OLS model shows and explains R 2 to be around 0.19-0.28, we use the results of SDM regression as our base of analysis. Table 4 reports how compactness and poly-centricity affect the level of PM 10 emissions by considering control for variables, e.g., city size and private car ownerships. Interestingly enough, in Model 1, we find that city size (represented by population size-PO) has a significantly negative effect on PM 10 , which indicates that the larger city size tends to emit less PM 10 . One possible reason could be the limitation of OLS analysis and the consequent biased results. The impact of private car ownerships represented by COS is generally as expected. The coefficient of COS is positive and statistically significant at the 1% confidence level, which indicates that more private car ownerships in cities tend to experience more PM 10 emissions, as expected.
To overcome the limitations of OLS regression models of (1)-(4), SDM models of (1a)-(4a) were estimated to overcome the presence of spatial auto-correlation. For the use of spatial econometric methods, spatial dependence is investigated first. The results show the values of local Moran's Index. The Moran's Index is usually used to measure the spatial dependence of variables. A positive value indicates a positive spatial dependence, while a negative value suggests the spatial auto correlation is negative. More information about Moran's Index can be found in Reference [67] . (2011-2017) are around 0.323-0.451, which are statistically significant. It indicates that the concentration of PM 10 has a significant-spatial correlation. This depends on the results of the Hausman test. Hausman test is a test for a selection of either a fixed effect model or a random effect model, of which it can be used for estimating the model. The fixed effect model is chosen if the result of the Hausman test passes the significant test, which indicates rejecting the original hypothesis [68] , and vice versa. Models (1a)-(4a) did not pass the test of significance, and, therefore, the results of a random effect model were used for the final report of PM 10 . The full results of SDM are shown in Table 5 . 
SDM Results for PM 10
In Table 5 , the results indicate that the spatial coefficients of compactness and poly-centricity in Models (1a)-(4a) are consistent, which indicates that there is a significant spatial correlation and spatial spillover effect in the PM 10 among YRD cities, and the results of SDM in Table 5 are used as the base of our analysis. Compared with the results of OLS models, the results of SDM models for city size (denoted by population size-PO) and private car ownerships (represented by COS) showed both a significant positive effect on PM 10 emissions, which indicates that increasing population and vehicles' ownerships have a considerable and significant effect on commuting distance and congestion. Specifically, the indirect and total effects of PO have a significant-positive effect on an increase in PM 10 emissions, which indicates that the poor air quality of PM 10 originates from the larger size of its neighboring and whole area. The one possible reason of an insignificant-direct effect may be that both increasing the jobs-housing balance effect [56] and the deterioration of the jobs-housing imbalance [10] exist in our sample due to the large size of a city, which results in both increasing and decreasing VMT and congestion effects. However, the considerable and significant increasing PM 10 originated from its neighboring cities, which dominates the insignificant-direct effect. This leads to the whole PM 10 emissions increasing. In addition, the direct, indirect, and total effects of private car ownerships represented by COS on PM 10 is generally positive as expected, which indicates that more private car ownerships in cities have significant positive spatial correlation and spatial spillover effect on PM 10 emissions.
Urban density denoted by PD has considerable and significant positive indirect and total effects on PM 10 , while its direct effect is positive but does not pass the significant test. It indicates that high PM 10 emissions will be influenced by the high urban density of neighboring cities, while a high degree of emissions will be not be affected by its local effect. The insignificant-direct effect may be a result of population density that has no direct relationship with commuting distance and commuting time using OLS analysis, as shown in Engelfriet and Koomen [10] . However, the considerable and significant indirect effect originated from neighboring cities may dominate the insignificant-direct effect, and, thus, the total PM 10 emission increases.
The direct, indirect, and total effect of jobs-housing balance (represented by JBR), which are −0.099, −0.054, and −0.153, respectively. All of the direct, indirect, and total effects of JBR pass the significant test. It indicates that more balanced jobs-housing relation can lead to less PM 10 emissions, as shown in Cervero [69] . The significant impact may be a result of a jobs-housing balance that has resulted in less commuting distance, as well as the decrease of congestion. The indirect and totals effects of urban centralization denoted by CBD are significant-negative, which indicates that better air quality in terms of less PM 10 emissions may depend on the degree of urban centralization from its neighboring cities. The high degree of centralized economic activity of neighboring cities has a large-spatial spillover effect on PM 10 emissions. This considerable and significant decreasing air pollutant emission effect from neighboring cities may offset an increasing or decreasing direct emission effect of local cities, and, thus, lead to PM 10 emission declines.
The positive signs of the indicator of poly-centricity (denoted by the number of activity centers-DZN) suggest that a more polycentric urban form tends to experience more PM 10 emissions. All of the three effects (i.e., direct, indirect, and total effects) of developing many activity centers show significant and positive impact on PM 10 . It indicates that the increasing PM 10 emissions are affected by developing too many activity centers that come from both local and neighboring cities. The one possible reason may be that increasing too many activity centers may also lead to more commuting activity [59, [70] [71] [72] and use more private vehicles [73] to make increasing VMT and congestion effects [30] . PM 10 emissions then increase. However, the positive signs of the other two indicators of poly-centric clusters (DZI, SCS) do not have a significant influence on PM 10 , which indicates that the ambiguous relationship between poly-centric clusters and commuting. Based on the case of US and European cities, studies on developed countries have shown both negative and positive correlations between the two. The fact that we are not able to establish a significant relation between poly-centricity (denoted by DZI and SCS) and PM 10 emissions also suggests that the relations between poly-centricity and commuting (i.e., commuting distance and congestion) may depend on other local factors existing in our sample.
Therefore, model (4a) investigates the heterogeneity that may exist in the impacts of polycentric clusters (measured by SCS) on PM 10 . When incorporating the term of the SCS*COS into model (4a), the insignificant-positive effect of poly-centricity on PM 10 turns to be stronger and more significant. Let the coefficient of SCS (i.e., 0.46*ln (COS)-0.45) equal zero. The finding shows that the effect is negative for cities with private car vehicles of >10 million within cities. For such cities, polycentric-clustered development may improve air quality in terms of PM 10 . However, this improving effect may be limited, since the coefficients of three effects are around 0.3%−0.9%.
Discussion
For those YRD cities, the jobs-housing balance and urban centralization increase seems to be two good strategies to reduce air pollution in terms of PM 10 . Cities that are denser or develop too many activity centers tend to produce more air pollution emission while those with a more balanced jobs-housing relation and centralized economic activity tend to reduce air pollutant emission. Even though polycentric-clustered development tends to lead to less air pollution for cities with a larger number of private car ownerships (of >10 million), since this improved effect may be limited for its coefficient of the total effect, which is about 0.9%.
The most surprising result is the coefficient of the urban density. Supporters of the compact development consider the main instrument to reduce air pollution to maintain or increase population density levels. Compared with the findings of Europe, the US, and China, the main difference is that we find a considerable and significant positive effect of urban density on air pollution. This result stems from estimating the SDM where all control variables and urban form and spatial structure variables are included to capture controversial relations. By incorporating either the number of activity centers indicator or polycentric cluster indicators, density is statistically significant. In contrast with many studies, the higher level of density exerts more PM 10 emissions in this paper. This difference may be explained by two to five times higher density in Chinese cities, particularly in YRD cities, which may make a rapid increase in congestion since this may take over a decreasing VMT effect and, thus, air pollutant emissions increase.
In addition, since the literature on the impact of balanced-jobs-housing compactness on air pollution is lacking, we introduce the jobs-housing balance into the measure of a compact urban form and found that the jobs-housing balance has a significant and negative effect on PM 10 emissions, which indicates that a more balanced jobs and housing relation may reduce air pollutant emission, as shown in Cervero [69] . In this respect, jobs and housing location, not density, is the spatial dimension that is an effective strategy for mitigating air pollutant emission occurring in YRD cities in China, as suggested by Glaeser and Khan [74] .
Generally, our empirical evidence supports the recent trend of polycentric development of Chinese cities (particularly for these large cities) on the mitigation emissions effect. However, it also indicates that excess emphasis on polycentric development by developing too many activity centers may also lead to more air pollutant emissions. In contrast with the findings of Muñiz and Garcia-López [15] and She et al. [5] , poly-centricity in terms of the number of centers tends to result in more PM 10 emissions, which indicates developing too many centers that would lead to a dominant congestion effect. Moreover, it also finds that polycentric development by enhancing or reinforcing a more balanced population distribution between the traditional centers and sub-centers may also lead to less PM 10 emissions, particularly for cities with large private car ownerships (>10 million within cities). However, this mitigated emissions effect may be limited, as this relationship may be determined by other local characteristics, such as the jobs-housing balance that we could not further investigate in this paper.
In the context of China, especially in YRD cities, we would argue that appropriate long-term strategies for reducing pollutant emissions lie only in addressing the issue associated with jobs-housing-balanced and concentrated compactness, which underlies fewer PM 10 emissions because it decreases both vehicle miles travelled (VMT) and congestion effects, while increased high-density and polycentric development by developing too many centers are not effective strategies for reducing such air pollutant emissions. However, for cities with a larger number of private car ownerships (>10 million within cities), enhancing polycentric clusters in terms of achieving a more balanced population distribution between the traditional centers and sub-centers could reduce emissions, whereas this mitigated emissions effect may be limited.
Conclusions
Urban form plays a key role in explaining the concentration of transport-related pollutant emissions. Regarding the rapid urbanization and urban expansion and the consequent long-lasting impacts on accessibility, housing affordability, and air pollutants, knowledge on the issue of how compactness and poly-centricity affect air quality is of crucial importance for China. For the mitigation of pollutant emissions, many studies suggest developing compact urban forms and polycentricism to reduce the level of emissions. However, the effect of compact form on air quality is usually controversial. In addition, knowledge on the effects of poly-centricity and compactness of an urban form in terms of jobs-housing balance on air quality in Chinese cities is scarce.
The current study takes the first step toward a better understanding of the relationships between compact urban form and poly-centricity and air quality for a sample of 19 YRD cities by using the analysis of the spatial durbin model (SDM). Notwithstanding the limitations of OLS analysis, the SDM provide a unique opportunity to be able to investigate the spatial effect of pollutants and the way to mitigate emissions. The analysis indicates that air pollutants in these cities responds differently to some urban characteristics than was expected from the evidence in the case of the US and EU cities.
The findings show that compactness in terms of urban density, jobs-housing balance, and urban centralization are important determinants for air pollutants in terms of PM 10 emissions. The rapid urbanization and urban expansion have led to clustered development in the outskirts, as yet most of jobs and amenities remained concentrated in the traditional centers. Hence, the large effect of an increase in city size on VMT and congestion, cities with a larger city size tend to emit more PM 10 . In addition, cities with more vehicle ownerships have a large effect on PM 10 emissions, which indicates that more vehicles used are one of the reasons for more PM 10 emissions. After controlling these variables, cities with higher urban density have more PM 10 , while higher degree of jobs-housing balance and urban centralization have less PM 10 . In addition, poly-centricity in terms of developing too many activity centers has a higher level of PM 10 emissions, while enhancing polycentric clusters does not necessarily result in more PM 10 emissions. However, for cities with more private car vehicles of >10 million, polycentric clustered development may improve air quality in terms of PM 10 , but this improvement may be limited. Therefore, our paper indicates that jobs-housing balanced and concentrated compactness can be two effective strategies to reduce air pollution.
Our findings suggest that strategies aimed to reduce air pollution by compactness and polycentric development may need to be reconsidered in the context of Chinese cities. According to the findings of this empirical study, policy implications for cities in developed countries should be cautiously developed. Some incomparable results of our empirical findings, such as the positive impact of compactness in terms of urban density on air pollutants in the context of YRD cities, might contribute to the longstanding debate and the impact of compact development on air pollution in developed countries. In addition, our empirical results also contribute additional evidence to the literature and provide some policy implications for Chinese cities that aim to mitigate air pollution by polycentric development. To some degree, our findings support the current polycentric development pattern in Chinese cities, as polycentric development enhances a more balanced population distribution between the main center and its sub-centers for those cities with a large number of private car ownerships (>10 million within cities). However, poly-centricity by developing too many centers may also lead to more air pollutant emissions.
However, the data used in this paper have limitations, which need to be further extended. First, following Engelfriet and Koomen [10] and Li et al. [30] , we use population centers rather than employment centers to measure poly-centricity. Focusing on employment data will shed more light on the heterogeneity that potentially exists in the relationship between poly-centricity and air pollution, i.e., the impacts may be heterogeneous for cities with different jobs-housing balances, which is not considered in our paper. Second, the data obtained in this paper is limited to the administrative boundary of urban districts from the statistical yearbook of local cities. Future studies can use more a fine-grained level of data [56] , to advance our understanding of compactness and poly-centricity in air pollution emissions.
